A novel air-cleaner with a coil-shape photocatalysis-plasma synergistic reactor was developed. The air-cleaner showed 95% ± 1% reduction of a TVOCs concentration in tobacco smoke at "single-pass" condition. Air-purification activity of the air-cleaner was stably-maintained after the treatment of 12,000 cigarettes of tobacco smoke.
Introduction
Recently, we have proposed an effective method for the separation of smoking area by using "sandwich-shape" photocatalysis-plasma synergistic reactors [1] . The reactor consists of two essential technologies: plasma as-* Corresponding author. sisted catalytic technology (PACT) reactor [2] and a TiO 2 impregnated Ti-mesh filter (TMiP TM ) [3] . Synergistic effects of photocatalysis and plasma excitation achieve the significant oxidative decomposition of gaseous compounds in tobacco smoke. Based on this result, we have fabricated the "coil-shape" PACT-TMiP reactor to reduce electrostatic capacity, pressure drop, and noise level for a long-term usability. A practical air-cleaner using the reactor was fabricated and installed in a real-scale smoking room. The air-purification ability and the long-term usability of the air-cleaner in the smoking room were confirmed. Figure 1(b) show a photograph and a schematic illustration of a coil-shape PACT-TMiP synergistic reactor. Basic designs and fabrication methods of PACT reactor and TMiP were described previously [2] [3]. Two pieces of TMiP sheets were introduced in the inside of a Ni-plated coil. The atmospheric dielectric barrier discharge between the outer electrode and the coil produces air plasma around the TMiP sheets when AC voltages applied. In the present study, we used a voltage of 10 kV (peak-to-peak), a frequency of 25 kHz, and a power of 45 W. Air can be blown through the gaps of coil-shape reactor while maintaining high level of surface contact with TMiP and air-plasma. Figure 1(c) shows schematic illustrations of both outside and inside of the practical air-cleaner using the coil-shape reactor. A high efficiency particulate air (HEPA) filter, ten coil-shape reactors, two ozone-cut filters, an activated carbon filter, and a fan were arranged inside the casing. When the fan is turned on, air flow is generated inside the casing from the air inlet toward the air outlet, passed through the filters and the PACT-TMiP reactor. Electrostatic capacity of the reactor was measured between the inner electrode with TMiP and outer-electrode shown in Figure 1 (b) by a LCR700 LCR meter (Sanwa Electric Instrument Co., Ltd., Tokyo) at 10 kHz. Pressure drop was measured between before and after of the reactor array simultaneously at the central position of the air-cleaner shown in Figure 1 (c) by a DG70 differential pressure gauge (NAGANO KEIKI Co., Ltd., Tokyo).
Materials and Methods

Figure 1(a) and
A schematic illustration of the test method for evaluation of air-purification activity of the air-cleaner is shown in Figure 2 . The real-scale smoking room with the air-cleaner was fabricated as a test room. Air flow is generated inside the smoking room from the air inlet toward the air outlet, passed through the air-cleaner. In this condition, the smoking room was always filled with tobacco smoke from the sequential simultaneous burning of eight cigarettes. By-products were deposited on the surface of electrodes according to increasing the amounts of burning cigarettes, which may affect both the stability and reliability of PACT-TMiP reactor. In order to remove the by-products on the electrodes, air-cleaner operates for 15 min without burning cigarettes after every 200 cigarettes of tobacco smoke treatment. Odor concentrations, total suspended particulates (TSPs), and total volatile organic compounds (TVOCs) concentrations were calculated after the treatments of 8, 6000 and 12,000 cigarettes of tobacco smoke at the sampling points 1 and 2 in Figure 2 as follows. Odor concentrations were calculated by three point comparison type smell bag method [4] . TSPs were monitored by using a digital real-time LD-3K2 dust monitor (Sibata Scientific Technology Ltd., Tokyo). TVOCs concentrations were calculated by the qualitative and quantitative analyses using gas chromatography with a flame ionization detector (GC-FID) as described elsewhere [5] . Samples were collected by drawing 60 L (0.6 L/min) of air through a charcoal tube, desorbed with carbon disulfide, and analyzed by GC-FID. TVOCs concentrations were calculated for all compounds eluted between n-hexane and n-hexadecane, calibrated and converted to toluene equivalents. Similar details about removal ratios of the three amounts were calculated from the formula ( )
A A A − , where A 1 and A 2 are the amounts at the sampling point 1 and 2, respectively. An important point is that tobacco smoke was treated by the air-cleaner just once, i.e. this is a "single-pass" system. Noise level was also measured at the air outlet of the air-cleaner (1 m height and 1 m length from the air-cleaner) shown in Figure 2 by a NL-31 sound level meter (RION Co., Ltd., Tokyo). Table 1 summarized electrostatic capacity, pressure drop, and noise level of the air-cleaners. The values in Table  1 show the total amount of installed reactors on the air-cleaners (12 reactors for previous type, 10 reactors for present type). The present air-cleaner using "coil-shape" reactor shows smaller values than the previous aircleaner using "sandwich-shape" reactor in all parameters. Especially reducing of the electrostatic capacity is A schematic illustration of the proposed test method in the real-scale smoking room for evaluation of air-purification ability of the air-cleaner. Sampling points 1: air inlet of the air-cleaner; 2: air outlet of the air-cleaner. important for energy saving and long-time usage. It is thought that the performance of air flow is improved by the change of reactor shape from "sandwich" to "coil". Figure 3 shows removal ratios of the three amounts in tobacco smoke by the air-cleaner. After the treatment of 8 . Thus, removal ratios of the amounts were ≥98, 98.5 ± 0.1, and 95% ± 1%. These values indicate that the air-cleaner is able to decompose and/or remove the compounds efficiently similar to the tendency previously reported by using the air-cleaner with "sandwich-shape" reactor [1] . Therefore, a low-cost and energy-saving operation was achieved by reducing the electrostatic capacity and pressure drop while maintaining the high air-purification ability of the synergistic effect. Moreover, the removal ratios of the amounts were kept at high-level (≥98, 98.9 ± 0.1, and 88% ± 1%) after the treatment of 12,000 cigarettes of tobacco smoke, which is equivalent to using the air-cleaner in the smoking room for a half year.
Results and Discussion
Comparison of Reactor Properties of the Air-Cleaners
Removal Ratios of Compounds by the Air-Cleaner
The photocatalysis-plasma synergistic reactor is not only reported by us previously [1] [6] [7] but also reported by many researchers [8] - [13] . However, there is no precedent for such a practical and a long-term usable one. There are some important points can be summarized as photocatalysis-plasma synergy [1] [6]- [9] ; Better contact among the photocatalyst surface, the gas phase, and high-energy reactive species generated by plasma region; A large amount of adsorbed charges and a high local electric field with the high permittivity of photocatalyst; Enlargement of reactive surface area and improvement of mass transfer. On the other hand, O 3 -cut filters using a MnO 2 -based catalyst in the air-cleaner produce additional reactive species by decomposition of excess O 3 [1] [14] . In addition to these important points, the present study has achieved reducing the pressure drop and continuous by-products cleaning on the catalyst surface, led to the high practicalities and the long-term usage of the air-cleaner.
Intriguingly, the removal ratios of the TVOCs concentration decreased by 7% after the treatment of 12,000 cigarettes of tobacco smoke (of course, 88% ± 1% of the removal ratios of the TVOCs concentration is enough high) while the removal ratios of the odor concentration and TSPs did not change. These data indicate that VOCs in the air stream inside of the air-cleaner might be adsorbed onto the surface of the filters, reactors, and casing, and be desorbed. However, in this condition, these desorbed VOCs did not affect the odor concentration. Generally, odor concentration is strongly affected by the kind of VOCs [15] - [17] (e.g. toluene shows more than 10 times of odor concentration than xylene at the same TVOCs concentration). Thus, the desorbed VOCs in this research may consist of low odor concentration compounds. Now we are preparing GC-MS analysis of collected air samples to determine the kinds of desorbed VOCs.
Conclusion
The "coil-shape" photocatalysis-plasma synergistic reactor and its application for the practical air-cleaner were investigated. Compared with the previously reported "sandwich-shape" reactor, the "coil-shape" reactor achieved 82%, 81%, and 25% reduction of electrostatic capacity, pressure drop, and noise level, respectively. Although only the "single-pass" of 8 cigarettes of tobacco smoke was in the test room, the practical air-cleaner using "coil-shape" reactor reduced by ≥98, 98.5 ± 0.1, and 95% ± 1% of the odor concentration, TSPs, and TVOCs concentration, respectively. Moreover, Air-purification activity of the air-cleaner was kept at high-level (≥98, 98.9 ± 0.1, and 88% ± 1% reduction of the odor concentration, TSPs, and TVOCs concentration, respectively) after the treatment of 12,000 cigarettes of tobacco smoke, which was equivalent to using the air-cleaner in the smoking room for a half year. This research shows that the coil-shape reactor property is good enough to remove tobacco smoke compounds for practical use and the continuous improvement of the reactor design leads the creation of effective environmental purification systems.
